Microporous filters that are more electropositive than the negatively charged fiters currently used for virus concentration from water by filter adsorptionelution methods were evaluated for poliovirus recovery from tap water. Zeta Plus filters composed of diatomaceous earth-cellulose-"charge-modified" resin mixtures and having a net positive charge of up to pH 5 to 6 efficiently adsorbed poliovirus from tap water at ambient pH levels 7.0 to 7.5 without added multivalent cation salts. The adsorbed viruses were eluted with glycine-NaOH, pH 9.5 to 11.5. Electropositive asbestos-cellulose filters efficiently adsorbed poliovirus from tap water without added multivalent cation salts between pH 3.5 and 9.0, and the absorbed viruses could be eluted with 3% beef extract, pH 9, but not with pH 9.5 to 11.5 glycine-NaOH. Under water quality conditions in which poliovirus recoveries from large volumes of water were less than 5% with conventional negatively charged filters and standard methods, recoveries with Zeta Plus filters averaged 64 and 22.5% for one-and two-stage concentration procedures, respectively. Electropositive filters appear to offer distinct advantages over conventional negatively charged filters for concentrating enteric viruses from water, and their behavior tends to confirm the importance of electrostatic forces in virus recovery from water by microporous filter adsorption-elution methods.
To determine the public health significance of human enteric viruses in drinking water supplies, reliable, sensitive, and practical methods for detecting small quantities of viruses in large volumes of water must be developed and used. Virus concentration from large volumes of drinking water by adsorption to and subsequent elution from microporous filters is presently considered the most promising method (9, 16) , and it has been tentatively adopted as a standard procedure (1) . In this method viruses are adsorbed to filters from the flowing water and then recovered by elution with a small volume of fluid. Viruses in the eluate are quantitated by conventional biological assays. Virus adsorption to these filters is reversible and is thought to be at least partly electrostatic in nature (14) . Efficient virus adsorption to presently used filters occurs only if the water is acidified to about pH 3.5 (17) and/or multivalent cation salts are added (16) . Adsorbed viruses are eluted with slightly basic protein solutions or glycine-NaOH buffers, pH 10.5 to 11.5 (6, 16) . Drawbacks of current adsorption-elution methods-including the exten-' sive chemical modification of the water sample, the strongly acidic and basic pH levels utilized, the formation of precipitates during reconcentration, their susceptibility to variations in the quality of the water sample, and their overall complexity, unreliability, and limited usefulness-have prompted this investigation of improvements in virus concentration methodology.
Recent electrophoretic studies have established that the microporous filters now employed for concentrating viruses from water are negatively charged throughout the pH range of 2 to 7, with the net negative charge approaching neutrality below pH 2 (13) . Electrophoretic studies of viruses indicate that most viruses are negatively charged near neutral pH and have isoelectric points below pH 7 (3). The fact that both adsorbent filters and viruses are negatively charged near neutral pH may explain the need for acidification or the addition of multivalent cations to obtain efficient virus adsorption from water. Adsorption may be more efficient at pH 3.5 than at pH 7.5 because there is likely to be electrostatic attraction between viruses and filters at the lower pH, whereas there is electrostatic repulsion near neutral pH. Near neutral pH, multivalent cations could serve to mediate the adsorption reaction between the two negatively charged surfaces (4, 5) .
Microporous filters that are more positively charged in the pH range of most natural and tap waters (pH 5 to 9) would appear to offer advan- dechlorinated with 10 mg of sodium thiosulfate per liter. Portions were adjusted to desired pH levels with 1.0 or 0.1 N HCl or NaOH and then seeded with a small volume of stock virus to give a desired virus concentration. Depending upon their volumes, the samples were placed in either 600-ml capacity polycarbonate or 20-liter capacity stainless-steel pressure vessels, and small samples were taken for initial virus assay. The samples were filtered through microporous filters at the desired flow rate by using a regulated nitrogen gas cylinder as a source of positive pressure. The filtrates were collected and assayed for viruses. Adsorbed viruses were recovered from the filters by filtering two successive 7.5 ml-volumes of eluent fluid through the filters and collecting the eluates dropwise. The pH of the collected eluate was quickly measured and then adjusted to pH 7.4 with 0.05 M glycinehydrochloride, pH 1.5. After measuring the total volume, the eluate was assayed for viruses.
For experiments with 378-liter (100-gal) volumes of water, the apparatus and general procedures described in the tentative standard method were used (1, 10, 11) . Virus-adsorbent filters were housed in 267-mm diameter stainless-steel holders, and viruses were added to the flowing tap water along with the sodium thiosulfate solution via one pump of a triplex fluid proportioner (Johanson and Son Machine Corp., Clifton, N.J.). When the tap water was acidified to pH 3.5 before virust adsorption, dilute HCl was added to the flowing tap water by using two alternating pumps of the fluid proportioner.
RESULTS
Electrophoretic mobility of filter media particles as a function of pH. Electrophoretic mobility measurements of various filter media particles were made in solutions ranging in pH from 1.5 to 11.0. The results of these measurements are given in Table 1 , and they are also plotted in Fig. 1 along with the Filterite data of Kessick and Wagner (13) . The electrophoretic mobility of each type of filter medium became more electropositive with decreasing pH, presumably due to protonation offunctional groups. Zeta Plus 50S and 60S were the most electropositive filter media, with isoelectric points between pH 5 and 6. Cox AA was somewhat more Strongly electropositive magnesium hydroxide functional groups compose the outer, exposed surface of the fiber, whereas the strongly electronegative silicates are confined to inner, unexposed surfaces. A possible explanation for a lower than expected isoelectric point is that the blending required for particle preparation may have sheared the fibers, exposing highly negative silicate groups which were previously unexposed, and thereby lowering the net surface charge of the particles.
Effect of pH on poliovirus adsorption to various filters. As an initial step in evaluating positively charged filters for concentrating viruses from water, the effect of tap water pH on poliovirus adsorption was determined. Volumes of 500 ml of dechlorinated tap water were adjusted to the pH levels shown in Table 2 , seeded with about 10,000 plaque-forming units (PFU) of poliovirus per ml and assayed for initial virus concentration. These volumes were filtered through the indicated media at fluxes of about 10 ml per cm' per min, and the filtrates were assayed for viruses. Two successive 7.5-ml volumes of pH 11.5 glycine-NaOH were passed through each fiter to elute adsorbed viruses. The total 15-ml eluate was quickly adjusted to pH 7.4 and assayed for viruses. Although poliovirus was efficiently adsorbed to the negatively charged Filterite and Cox filters at pH 3.5 and was efficiently eluted with pH 11.5 glycineNaOH, virus adsorption, and, hence, recovery efficiencies, were greatly reduced at pH 5.5 and 7.5 ( Table 2 ). It should be noted that the more electropositive Cox filters adsorbed approximately twice as much virus at pH 5.5 and 7.5 as the more electronegative Filterite filters. Zeta Plus 50S filters efficiently adsorbed viruses between pH 5.5 and 7.5, but not at the higher or lower pH levels tested, while Zeta Plus 60S filters efficiently adsorbed viruses between pH 3.5 and 6.0, but were somewhat less effective at the higher pH levels tested. Figure 2 clearly shows the superiority of Zeta Plus 50S over Cox and Filterite fiters as a virus adsorbent in the pH range of most natural and tap waters. For both Zeta Plus 50S and 60S filters, the majority of adsorbed viruses were recovered by elution with pH 11.5 glycine-NaOH. Seitz filters adsorbed virtually 100% of poliovirus from tap water at pH 3.5 to 9, but the adsorbed viruses could not be eluted with pH 11.5 glycine-NaOH. Because Zeta Plus 50S and 60S and Seitz S filters are capable of efficiently adsorbing polioviruses at considerably higher pH levels than the more electronegative filters, such as Cox and Glycine-NaOh, pH 9 1 Glycine-NaOh, pH 11.5 <1 a Tap water volume, 500 ml; filter diameter, 47 mm; adsorption at ambient tap water pH (7.0 to 7.5); elution volume, 15 ml. addition of multivalent cation salts, both Zeta Plus filter media were capable of efficiently reconcentrating polioviruses from primary eluates.
Concentration of low levels of poliovirus using Zeta Plus 50S. Large volume experiments with low input virus levels were done in which 12-liter volumes of tap water were processed through 47-mm diameter Zeta Plus 50S filters as ambient pH levels, ranging from pH 7.0 to 7.5. Processing 12 liters through a 47-mm diameter filter is approximately equivalent in hydraulic loading to processing 378 liters through the 267-mm diameter filters normally employed for large-scale primary virus concentration. Adsorbed viruses were eluted with 15 ml of pH 10 glycine-NaOH, and the entire eluate was assayed for viruses. The mean virus recovery for six experiments was 64%, and the median virus recovery was 56% (Table 6 ). In a similar experiment with Seitz filters virus recovery was 28% when adsorbed viruses were eluted with 3% beef extract at pH 9.0. It should also be noted that in similar experiments during the same time period using Cox filters under the tentative standard method (1) conditions of adsorption at pH 3.5 and elution with pH 11.5 glycine-NaOH, virus recoveries were consistently less than 5% (Table 7) . These results further demonstrate the superiority of Zeta Plus filters as virus adsorbents under certain conditions. In addition, the concentration procedure was much simpler when Zeta Plus filters were used because the need for continuously adding controlled amounts of acid and/or salts was eliminated. DISCUSSION The optimum conditions for concentrating poliovirus from drinking water by using the positively charged filters investigated in this study are summarized in Table 8 . Electropositive Zeta Plus 50S and 60S and Seitz S filters were more effective poliovirus adsorbents than electronegative Cox and Filterite filters in the pH range of most natural and tap waters. The electropositive filters efficiently adsorbed poliovirus from tap water at ambient pH levels ranging from pH 7.0 to 7.5 with no added polyvalent cation salts. By eliminating the need for chemical modifications of the water, expensive fluid proportioners or other elaborate chemical additive systems become unnecessary. Elimination of such complexities may make it possible to obtain more consistent virus recoveries from water.
Adsorbed viruses were efficiently eluted from primary Zeta Plus filters with pH 9.5 to 10.0 glycine-NaOH, and the viruses in the primary eluate were reconcentrated by adsorption to and elution from a second, smaller Zeta Plus filter. Because viruses adsorbed to Seitz asbestos-cellulose ifiters could be effectively eluted only with 3% beef extract at pH 9.0, reconcentration by adsorption to and elution from filters is not possible, and an alternative reconcentration procedure such as "organic flocculation" (12) be- Glycine-NaOH, pH 2 9.5 Zeta Plus 60S 3.5-6.0
Glycine-NaOH, pH 2 9.5 Seitz S 3.5-9.0 3% Beef extract, pH 9.0 
